In this study, a novel fibrous adsorbent made by grafting 4-vinyl pyridine (4-VP) and 2-hydroxyethylmethacrylate (HEMA) monomer mixture onto poly(ethylene terephthalate) (PET) fibers was used for removal of Congo red (CR) in aqueous solutions by a batch equilibration technique. The influence of treatment time, pH of solution, dyes concentration, and reaction temperature on adsorbed amount was investigated. Adsorption time of 60 min. was found sufficient to reach adsorption equilibrium for CR. It was found that the adsorption isotherm of CR fits to Langmuir type isotherms. The highest adsorption capacity was found to be 11.87 mg CR per gram adsorbent. The adsorption rate of CR is much higher on the comonomers grafted PET fibers than on the ungrafted PET fibers. CR was removed 97 % when the initial dye concentration was 5 mg L -1 and 38% at 150 mg L -1 by monomers mixture grafted PET fibers. The adsorption of the dye was
Introduction
Many industries such as food, cosmetic, paper, textiles etc. use dye in order to colour their product. Congo red is a benzidine based dye expected to metabolize to benzidine which is a known human carcinogen. Therefore Congo red has to be removed from wastewater. There are several methods for removing dyes from aqueous solution such as adsorption processes [2] , oxidation process [3] , ozonations [4] , membrane separation [5] , nanofiltration [6] , biological treatments [7] , and electrochemical methods [8] .
Adsorption process has been one of the popular methods used to remove dyes from aqueous solutions. Other methods are selective expensive and may need special infrastructure. There are many types of adsorbents including activated carbon [9] , hardwood [10] , biomaterials [11] , chitin [12] , chitosan [13] , banana pith [14] , cellulose [15] , activated red mud [16] , zeolites [17] , polymeric material [18, 19] glass fiber [20] , fibrous clay [21] that have been studied for the adsorption of dyes from aqueous solutions.
One of the new developments in recent years to remove dyes from water or wastewater is the use of polymer fibers as adsorbent. This is mainly attributed to the relatively large external specific surface areas, high adsorption kinetics and low cost of these polymer fibers [22, 23] . It is therefore of practical and research interest to develop effective adsorbents from these cheap polymer fibers for the removal of CR in water and wastewater treatment. In our previous work the adsorption behaviour of pure PET fibers was studied toward heavy metal ions in aqueous solutions by a batch equilibration technique [24] . We have also used methacrylic acid grafted PET fibers [25] and 4-VP grafted PET fibers [26, 27] as an adsorbent for the removal of Cu (II) and Cr(VI) ions from an aqueous solution. It has been observed that within those studies the reactive fibers are stable and regenerate by acid without losing their activity.
Recently a novel fibrous adsorbent was obtained [28] in our laboratory by grafting 4-VP/HEMA comonomers onto PET fibers and used as an adsorbent for cationic dye (methylene blue) [29] . In the present study that material is used as an adsorbent to remove of CR from aqueous solution by a batch equilibration technique.
Results and discussion

Characterization of the polymeric adsorbent
Grafted PET fibers were characterized by differential scanning calorimetry (DSC), scanning electron microscopy (SEM), intrinsic viscosity and water absorption capacity in our previous work [28] . The scanning electron micrograph of 4-VP/HEMA grafted (180%) PET fibers are shown in Figure 1 . It is clear from the SEM results that the ungrafted PET fiber surface ( Figure 1a ) has a smooth and relatively homogeneous appearance. The grafted side chain 4-VP/HEMA seems to form microphages attached to the PET back-bone and imparts a heterogeneous appearance to the graft copolymer ( Figure 1b ) and provide proof of grafting. 
Effect of pH
The uptake of CR as a function of pH was examined over a pH range of 1.5-5.0. The 4-VP/HEMA grafted PET fibers were incubated for 40 min. with aqueous CR solution (20 mg L -1 ) adjusted to required pH values in the range of 1.5-5.0 using buffer solutions (Briton-Robinson buffer). Figure 2 shows the relationship between pH and adsorption amount. It is clear from the figure that increasing the pH value of the CR aqueous solution from 1.5 to 2, the adsorption amount increases significantly and reaches a maximum value at pH 2 beyond that point it decreases. In the rest of the study experiments were carried out at pH 2. To explain the observed behaviour of CR adsorption with varying pH it is necessary to examine various mechanisms such as electrostatic interaction and chemical reaction which are responsible for adsorption on sorbent surface. The pyridine group surface of the sorbent was protonated and possessed positive electric charges which was high level at pH 2.0. The protonated pyridine groups (pyridinium) can therefore attract the anionic dye which carried negative electric charges in the solution through the electrostatic interaction. On the other hand at pH around 4.0, the protonation of the pyridine groups on the 4-VP/HEMA grafted PET fibers was probably insignificant and the electrostatic interaction would not play an important role in the adsorption of CR on the sorbent. At alkaline pH, adsorption of the anionic dye on the adsorbent did not happen. HEMA groups of the sorbent are hydrolysed by water or by dilute acids such as dilute hydrochloric acid. The reaction with pure water is so slow that it is never used. The reaction is catalysed by dilute acid. In a hydrolysis reaction that involves breaking an ester link one hydrolysis product contains a hydroxyl functional group while the other contains a carboxylic acid functional group. CR was adsorbed on 4-VP/HEMA grafted PET fibers via the electrostatic interaction between the amine groups of the dye and the carboxylic acid functional group of the grafted PET fibers under acidic conditions. This suggests that chemisorptions might be effective. This is illustrated in scheme 2 [30] .
The suggested mechanism could be explained by the use of IR spectroscopy, a wellknown method for the identification of groups and quantitative analysis. The FTIR spectra of ungrafted, 180% 4-VP/HEMA grafted, and dye loaded PET fibers are given in Figure 3 . It is seen that the peaks of the ungrafted PET (Fig. 3a) can be assigned as follows: 3428 cm -1 (OH), 2943 cm -1 and 2875 cm -1 (C-H asymmetric and symmetric in CH, CH 2 groups), 1711 cm -1 (C=0), 1410 cm -1 (CH 2 ) [31] . After the grafting with 4-VP/HEMA, the spectrum of the 4-VP/HEMA grafted PET fibers changed greatly. The absorption band at 3428 cm -1 shifted to 3383 cm -1 , with significant increase in the intensity and broadening of the peak. Since this band corresponds to the stretching vibration of the OH groups of HEMA, the change indicates the introduction of the OH groups onto the 4-VP/HEMA grafted PET fibers.
The new peak at 1600 cm -1 in the spectrum is due to the resonance peak of the 4-VP groups. Hence these results provided strong proof for the grafting of both monomers onto PET fibers. Figure 3c shows the FTIR spectra of dye adsorbed on 4-VP/HEMA grafted PET fibers. The spectra show small absorption peaks at low frequency (1703 and 1601 cm -1 ). An increase in the adsorption frequency for the COO -and 4-VP groups corresponds to increase in the interaction of dye-groups of the adsorbent [32] . It was interesting to note that the absorption peaks at 1703 and 1601 cm -1 would be decreased if the dye ions are adsorbed. As a consequence, the absorption band for C=O in hydrolyzed HEMA and 4-VP groups shifted to lower frequency with decrease of the quantity [31] . The absorption band at 3383 cm -1 shifted to 3438 cm -1 , with the intensity of the peak increasing and broadening significantly. This band corresponds to the stretching vibration of the NH 2 groups of dye onto the 4-VP/HEMA grafted PET fibers. Figure 4 shows effect of contact time on adsorption of CR by 4-VP/HEMA grafted PET fibers. It is seen that the adsorption takes place rapidly at first, then slows down and levels off. The similar type of curve was observed in other works as well [33, 34] . The adsorption equilibrium was attained within 60 minutes.
Effect of contact time
During adsorption of CR initially the dye molecules reached the boundary layer, then had to diffuse into the grafted PET fiber surface and finally they had to diffuse into the fibrous structure of adsorbent. The relation between the nature of the polymer and sorption rate is generally complicated by many possible interactions on the surface. Generally the electrostatic interaction surface binding and chemical reaction may be identified as the major adsorption mechanisms. In particular pyridine and carboxylic acid functional groups on the surface of an adsorbent have been reported to be effective in the adsorption of acidic dye. Thus those groups of 4-VP/HEMA grafted PET fibers are responsible for the interaction of CR with the fibers.
The applicability of the pseudo-first-order and pseudo-second-order kinetic models was tested for the adsorption of CR onto 4-VP/HEMA grafted PET fibers. The best fit model was selected based on both linear regression correlation coefficient and the calculated q e values. The Langergren equation a pseudo-first-order equation describes the kinetics of adsorption process as follows [35] . Where q t and q e are the amount of dye adsorbed (mg g -1 ) at any time and equilibrium time respectively; k 1 is the rate constant (min -1 ). According to the adsorption equation the experimental result of Figure 4 can be converted into the plots of log(q e -q t ) versus t ( Figure 5 ). Value of k 1 was calculated from the linear plot of Log(q e -q t ) versus t. The correlation coefficient value are higher than 0.99. The second-order kinetic model [36] is expressed as: 
Where k 2 (g min -1 mg -1 ) is the rate constant of second order adsorption. If second order kinetics is applicable, the plot of t q t -1 versus t should show a linear relationship ( Figure 6 ). The equilibrium adsorption capacity q e can be calculated from Eq. 2. k 2 and q e were calculated from the intercept and slope of the plot of t q t -1 vs. t. The experimental q e value does not agree with the calculated one obtained from the linear plot (Table 1 ). This shows that the adsorption of CR onto 4-VP/HEMA grafted PET fiber is not a second order reaction. The linear plot ( Figure 5 ) shows a good agreement between experimental and calculated q e value ( Table 1 The possibility of intra-particle diffusion resistance affecting adsorption was explored by using the intra-particle diffusion model as [37] :
Where k p is the intra particle diffusion rate constant. The q t should be linearly proportional to the t 1/2 and k p could be obtained from the slop of the relationship. The k p of the 4-VP/HEMA grafted PET fibers is 0.6546 mg g -1 min -1 (figure not shown, correlation coefficient 0.97). It may be seen that the increasing linear is attributed to the bulk diffusion [38, 39] .
Dyeing process involves three continuous steps. The first step is the diffusion of dye through the aqueous dye bath on to the fiber. The second step is the adsorption of dye into the outer layer of the fiber. And the last step is the diffusion of dye into the fiber inside from the adsorbed surface. The second step, the actual adsorption process is generally assumed to be much more rapid than either of the other diffusion steps. Of the two diffusion steps the diffusion into the inner layer is much slower than the movement of dye through the aqueous solution due to the physical obstruction of dye diffusion presented by the network of fiber molecules [38] .
Effect of initial dye concentration
The effect of initial CR concentration on the adsorption efficiency by 4-VP/HEMA grafted PET fiber was systematically investigated by varying the initial concentration between 10 and 150 mg L -1 as displayed in Figure 7 . The percentage removal of cationic dye as a function of initial concentration is drawn in Figure 8 . It was observed that 4-VP/HEMA grafted PET fibers decreased from 97 to 38 % when initial dye concentration varied from 10 to 150 mg L -1 at pH 2.0. The adsorption rapidly increased with increasing initial CR concentration and then slows down. The maximum adsorption performance was achieved at 11.87 mg g -1 using 150 mg L -1 dye solution. 4-VP/HEMA grafted PET fibers possess higher surface area and very much active sites such as 4-VP and COOH. Therefore it would be an interesting alternative and an economical industrial adsorbent.
Adsorption isotherm
The relationship between the amount of CR adsorbed and the CR concentration remaining in solution is described by an isotherm. The two most common isotherm types for describing this type of system are the Langmuir and Freundlich. The most important model of monolayer adsorption came from the work of Langmuir. The Freundlich isotherm is derived by assuming a heterogeneous surface with a nonuniform distribution of heat of adsorption over the surface. Whereas in the Langmuir theory the basic assumption is that the sorption takes place at specific homogeneous sites within the adsorbent [39] .
The simplest adsorption isotherm is based on the assumptions that every adsorption site is equivalent and that the ability of a particle to bind there is independent of whether or not adjacent sites are occupied. The adsorption ability of an adsorbent can be described by two parameters. That is saturation constant or monolayer capacity K s (mg g -1 ) and equilibrium binding constant K b (L mg -1 ) [40] . These constants can be calculated from the adsorption isotherm data according to Langmuir equation: However the dye binding abilities of adsorbent could be further analyzed by Freundlich isotherm which can be described by two parameters that is saturation constant k (mg g -1 ) and equilibrium binding constant n. These constants can be calculated from the adsorption isotherm data according to Freundlich equation:
Where C e is the concentration (mg L The essential characteristics of Langmuir isotherm can be expressed by a dimensionless constant called equilibrium parameter R L [41] which is defined by
Where b is the Langmuir constant and C 0 is the initial concentration (mg L -1 ). C 0 used in the adsorption isotherm studies was in the range of 10-150 mg L -1 . R L are found to be less than 1 and greater than 0. These results show that CR adsorption onto 4-Vp/HEMA grafted PET fiber is favourable.
Effect of temperature
It has been recognized that the adsorption of CR from an aqueous solution by 4-VP/HEMA grafted PET fiber is affected by the temperature (Figure 11 ) such that the adsorption was increased remarkably as the temperature increased.
The thermodynamic parameters for the adsorption process was computed from the van't Hoff equation 
Where R is gas constant, T is temperature in o K, and 
Desorption studies Desorption studies
The study of the acidic dye adsorbed was done by desorbing by treating the adsorbent with the different alkaline pH showed Figure 13 . At room temperature (T=25 °C) within 60 min. as the alkaline pH increased the percent desorption increased from 3 mg L -1 (at pH 9) to 22 mg L -1 (at pH 13). It has been recognized that 4-VP/HEMA grafted PET fibers is stable and can be regenerated by NaOH. The investigation in the desorption studies confirm the mechanism of adsorption stated in the pH effect. Therefore adsorption process should be effective for the removal of CR from industrial effluents.
The study of the acidic dye adsorbed was done by desorbing by treating the adsorbent with the different alkaline pH showed Figure 13 . At room temperature (T=25 °C) within 60 min. as the alkaline pH increased the percent desorption increased from 3 mg L -1 (at pH 9) to 22 mg L -1 (at pH 13). It has been recognized that 4-VP/HEMA grafted PET fibers is stable and can be regenerated by NaOH. The investigation in the desorption studies confirm the mechanism of adsorption stated in the pH effect. Therefore adsorption process should be effective for the removal of CR from industrial effluents. 
Conclusions
PET fibers were grafted with 4-VP/HEMA and used as an adsorbent for anionic dye (CR). The following conclusions are obtained: It was observed that pH is the most important parameter and pH 2.0 was found as the optimum pH value in the process; 60 min. of treatment time was found to be sufficient to reach the adsorption equilibrium value. A Langmuir type of adsorption was observed. It was recognized that 4-VP/HEMA grafted PET fibers are alternative adsorbent for Congo red dye from aqueous medium. Thus the material should be addressed for other anionic dyes. İn the future, it could be applied in wastewater treatments, especially of textile effluents.
Experimental
Materials
The PET fibers (122 dTex middle drawing) used in these experiments were provided by SASA Co. (Adana Turkey). The fiber samples were Soxhlet-extracted until constant weight (for 6 h) with acetone and dried in a vacuum oven at 50 °C. 4-VP and HEMA were purified by vacuum distillation. Benzoyl peroxide (Bz 2 O 2 ) was twice precipitated from chloroform in methanol and dried in a vacuum oven for 2 days. Other reagents were used as supplied. All reagents were Merck products.
Polymerization procedure
A temperature controlled oil bath was used for heating. The fiber samples (0.3± 0.01 g) were dipped into dicloroethane (50 mL) for 2 h at 90 °C. After treatment, solvent on the fibers was removed by blotting between a filter paper and putting into the polymerization medium.
Polymerization was carried out in a thermostated 50 mL tubes under reflux. The mixture containing the PET fiber sample (0.3 ± 0.01g), appropriate amount of 4-VP/HEMA mixture and Bz 2 O 2 at required concentration in 2 mL acetone was made up to 20 mL with deionised water. The mixture was immediately placed into the water bath adjusted to the polymerization temperature. At the end of the predetermined polymerization time the grafted fibers were taken out. Residual solvent monomer and feed from the homopolymers or copolymers were removed by Soxhlet-extracting the PET fibers in methanol for 96 h. The grafted fibers were then vacuum-dried at 50 o C for 72 h and weighed. The graft yield (GY) was calculated from the weight increase in grafted fibers as follows: G Y (%) = [(w g -w i )/w i ] x 100 (8) Where w i and w g denote the weights of the original (ungrafted) and grafted PET fibers respectively.
Scanning electron microscopy
SEM studies of the original and 4-VP/HEMA mixture grafted PET fibers coated with gold were performed using a JEOL Model JSM 5600 microscope.
Sorption of CR on the adsorbent
Volume of 25 cm 3 of CR solution (20 mg L -1 pH 2) was added onto 0.1 g of 4-VP/HEMA grafted PET fibers in 50 mL Erlenmeyer. The contents were shaken at 125 rpm for a predetermined period of time at 25 °C using orbital shaker (Edmund Buhler TH 15). The loaded adsorbent was separated by centrifugation and washed gently. Afterwards the CR concentration of supernatant was adjusted to 6.8 pH value. It was measured by using UV/Visible spectrophotometer (pH=6.8 λ=497 nm Pharmacia Biotech Ultrospec 2000). Calibration curves were plotted between absorbance and concentration of the standard dye solutions. The adsorption capacity of the poly 4-VP/HEMA grafted PET fibers was evaluated by using the following expression:
Where q is the amount of dye adsorbed onto unit mass of the 4-VP/HEMA grafted PET fibers (mg g -1 ) C o and C are the concentration of the CR in the initial solution and in the aqueous phase after adsorption treatment for a certain period of time (mg L -1 ). V is the volume of the CR solution used (L), and m is the amount of 4-VP/HEMA grafted PET fibers used (g) respectively.
Desorption of CR
Desorption assay were carried out with the CR loaded 4-VP/HEMA grafted PET fibers at maximum capacity. CR was recovered by treating with 25 mL adjusted to different pH values for 60 minutes and then analyzed by the method mentioned above. The desorption percent was calculated using the following equation: 
